Interferon-y (IFN-'y) is a lymphokine that activates mononuclear phagocytes. To test the hypothesis that IFN--y might have important effects upon the ability of human mononuclear phagocytes to degrade extracellular matrix, we have studied the action of this cytokine on the production of metalloproteinases and the counterregulatory tissue inhibitor of metalloproteinases (TIMP) by the human alveolar macrophage. We have found that IFN-"y potently and selectively suppresses the lipopolysaccharide-induced production of two metalloproteinases-interstitial collagenase and stromelysin-by 50-90% at doses 2 10 U/ml. The synthesis of TIMP and 92-kD type IV collagenase was also diminished by IFN-'y, but these responses required 50-to 100-fold higher concentrations of the cytokine. All doses of IFN--y increased total and secreted protein synthesis slightly, indicating a highly specific effect on metalloenzyme biosynthesis. Inhibition of metalloproteinase expression occurred at a pretranslational level, as evidenced by parallel reductions in enzyme biosynthesis and collagenase-specific steady-state mRNA levels. Interestingly, the effect of IFN-"y on metalloenzyme production was not readily reversible. Therefore, while IFN-y activates the macrophage and renders it tumoricidal, this enhanced function appears to be attained at the expense of the cell's capacity to degrade extracellular matrix. (J. Clin. Invest. 1990Invest. . 86:1204Invest. -1210
Introduction
Macrophages participate in and regulate a wide variety of complex host functions including immune and inflammatory processes as well as degradation and remodeling of extracellular matrix. These cells modulate matrix turnover both directly by secretion of proteinases and proteinase inhibitors (1, 2) and indirectly by the elaboration of cytokines, such as interleukin 1 (3, 4) and tumor necrosis factor (5) , that induce metalloproteinase gene expression by resident fibroblasts of connective tissues. In turn, mononuclear phagocyte function is responsive to signals in the pericellular environment.
Interferon-y (IFN-,y) is a physiologic mediator that has profound effects on macrophage function. This cytokine, synthesized and released by T lymphocytes, binds to distinct receptors on the macrophage cell surface (6, 7) . Receptor binding is followed by complex changes in protein expression and cellular function. IFN-,y enhances macrophage antigen presentation by increasing expression of cell surface molecules, including major histocompatibility complex antigens (classes I and II [8, 9] ) and F, receptors for IgG (10). The addition of secondary signals such as lipopolysaccharide (LPS) "fully activates" the IFN-y-primed macrophage to become tumoricidal (1 1) . This is achieved, in part, by enhanced expression of tumor necrosis factor ( 12) and increased secretion of cytolytic proteinases (11) . However, the addition of LPS to IFN--ytreated macrophages inhibits the phagocyte's capacity for antigen presentation by reducing the expression of Ia antigens (13) . Thus, the macrophage becomes fully tumoricidal at the expense of certain other biologic capacities.
The human macrophage synthesizes and secretes several metalloproteinases that participate in degradation of the extracellular matrix. These include the following: an interstitial collagenase identical to fibroblast-derived collagenase that degrades native collagen types I-Ill (2, 14, 15); a 92-kD type IV collagenase that cleaves basement membrane collagen and also efficiently degrades denatured collagens or gelatins (15, 16); stromelysin, an enzyme with broad substrate specificity that attacks proteoglycans and other matrix components such as laminin and fibronectin (15, 17, 18) ; and a 72-kD type IV collagenase that has a similar degradative profile to the 92-kD enzyme, but is produced in comparatively small amounts (15, 19) . In addition, rodent macrophages have been shown to secrete a 22-kD metalloenzyme with elastolytic properties (20) . Macrophages also release the counterregulatory tissue inhibitor of metalloproteinases (TIMP'; 2, [21] [22] [23] . The expression of these metalloproteinases and TIMP is subject to the regulatory influences of a number of physiologic and pharmacologic agents ( 19, 24, 25) . In particular, exposure of macrophages to LPS markedly induces the biosynthesis and secretion of these metalloenzymes, transforming the cells into a matrix-degradative phenotype (14, 15 Immunologic assays. Competitive-binding ELISAs for human fibroblast collagenase and TIMP were performed on macrophage-conditioned media samples and cell extracts as described previously (27, 28) . These 30) , stromelysin ( 17) , and TIMP (28) were generated as described previously. The following procedure was employed for immunoprecipitation of labeled secreted proteins. 400 Al of mononuclear phagocyte conditioned media was mixed with an equal volume of 0.8% Triton X-100 in phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (for stromelysin only, the samples were first incubated with 0.1% SDS at 370C for 15 min before adding the Triton-containing buffer). The mixtures were then incubated on ice for 10 min with 100 Ml of a 50% slurry of protein-A Sepharose. After centrifugation, the appropriate antisera were added to the supernatants and kept at 4VC overnight. After this incubation, 100 Ml ofSDS sample buffer containing 2% fl-mercaptoethanol was added to the samples and heated at 60'C for 15 min. The samples were then applied to 10% polyacrylamide slab gels and electrophoresis was performed as described by King and Laemmli (31) . The gels were equilibrated with En3Hance (New England Nuclear, Boston, MA) for 1.5 h, rinsed in cold distilled water for 1 h, and then dried under vacuum. The dried gels were exposed to Kodak XAR-5 X-Omat film (Eastman Kodak Co., Rochester, NY) at -70'C.
Determination of total protein synthesis. Total protein synthesis was determined by the incorporation of [3H]leucine into trichloroacetic acid-precipitable protein. Freshly harvested alveolar macrophages were cultured for 24 h in serum-containing media with or without added IFN--y. The cells were then exposed to identical fresh media in the presence or absence of LPS for an additional 24 h. The media were then aspirated, the cell layers washed twice with HBSS, and otherwise identical but leucine-free media added containing 10 MCi/ml of [3H]-leucine (Amersham Corp.). The fetal calf serum used during metabolic labeling was dialyzed against 0.05 M Tris, 0.15 M NaCl, pH 7.5, to remove free amino acids. All cultures were pulsed for 18 h, after which the conditioned media were collected and the cell extracts were prepared.
The conditioned media samples and cell extracts were subjected to precipitation in cold 10% trichloroacetic acid using bovine serum albumin as a carrier protein (I mg/ml). The reaction mixtures were vortexed and incubated on ice for 20 min. After centrifugation, the pellets were washed three times in cold 10% trichloroacetic acid, then resuspended in PBS, and counted in a liquid scintillation spectrometer.
RNA isolation and slot blot analysis. Total cellular RNA was isolated by guanidinium phenol extraction (32). 1 Mg of RNA was dissolved in 6X SSC/7.4% formaldehyde and heated to 60°C for 10 min before slotting on nitrocellulose paper equilibrated in 20X SSC (3 M NaCl, 0.3 M Na citrate). The filters were dried in a vacuum at 80°C for 2 h before prehybridization in 50% formamide, 5X SSC, 50 mM NaHPO4, pH 7.5, SX Denhardt's solution, and 0.1% SDS containing 100 jig/ml denatured and sonicated salmon sperm DNA. Hybridization was performed at 42°C overnight with y collagenase and fl-actin cDNA probes (33) that were random primer labeled to specific activity 2 X 107 cpm. The filters were then washed three times for 5 min with 0.1% SDS/2X SSC at room temperature, followed by two 15-min washes in 0.1 SSC/0.l% SDS at 55°C. The filters were dried and then subjected to autoradiography for 24-48 h at -700C.
Results
Effect ofIFN-,y on LPS-induced secretion of interstitial collagenase. The effect of increasing concentrations of IFN-y on the LPS-stimulated secretion of immunoreactive interstitial collagenase is shown in Fig. 1 . Macrophages spontaneously released only small amounts of collagenase, as assessed by ELISA of 48-h-conditioned media samples. However, as reported previously (14) , the addition of LPS induced a marked stimulation of collagenase production. Pretreatment of the cells with increasing doses of IFN-y for 24 h before the addition of LPS resulted in a dose-dependent inhibition of collagenase secretion. Of note, collagenase production was suppressed by a mean of 50% by 10 U/ml of IFN-^y, with even Interferon--y Inhibits Collagenase and Stromelysin Production 1205 Figure 1 . Dose response of human macrophage interstitial collagenase and TIMP production to IFN-'y. Macrophages were exposed to varying doses of IFN--y for 24 h, followed by LPS for the next 48 h as detailed in Methods. Control macrophages were not exposed to either agent. Conditioned media were collected and collagenase and TIMP were quantified by ELISA. The results are expressed as a fraction of the LPS-induced secretory response. Note that collagenase production is suppressed by low doses of IFN-'y, whereas TIMP production is inhibited only by very high concentrations of the cytokine. Error bars are standard deviations (n = 4 subjects).
greater ablation observed at higher cytokine concentrations. In addition to the four subjects' macrophages shown in Fig. 1 , cells from three additional individuals displayed similar degrees of inhibition. Time (h) Figure 2 . Time course of IFN-oy suppression of LPS-induced interstitial collagenase production. Macrophages were exposed to LPS (2.5 ,gg/ml), IFN-'y (10 U/ml) plus LPS, or neither agent as described in
Methods. Conditioned media were collected after various times of exposure; collagenase was determined by ELISA. Note that basal levels of collagenase are undetectable, whereas LPS induces collagenase release, observable after 24 h of exposure. This LPS-induced response is significantly inhibited by 10 U/ml of IFN-,y.
lation was blunted from its inception in cells pretreated with IFN-y. Effect ofIFN-'y on the secretion ofother metalloproteinases.
To study enzyme biosynthesis, cells were metabolically labeled with [35S]methionine. Conditioned media were processed by immunoprecipitation using antisera specific for interstitial collagenase, stromelysin, and 92-kD type IV collagenase. Fig.  3 demonstrates that untreated alveolar macrophages spontaneously synthesized only small amounts of collagenase. LPS exposure markedly increased enzyme biosynthesis, whereas pretreatment of the cells with IFN-'y profoundly ablated this effect. Note that the dose-response relationship for IFN-y suppression of collagenase biosynthesis is similar to that observed for steady-state production levels shown in Figs. 1  and 2 . In a parallel manner to interstitial collagenase, macrophages failed to spontaneously synthesize measurable levels of stromelysin. As shown in Fig. 4 , LPS induced a substantial release of this enzyme. IFN-y, at a concentration of only 10 U/ml, virtually abolished stromelysin production, an effect similar to its action on the synthesis of interstitial collagenase (Fig. 3) .
The 92-kD type IV collagenase is a major biosynthetic product of both the basal and LPS-stimulated alveolar macrophage (Fig. 5, A-C) . However, IFN-'y caused only minor and inconsistent effects upon this enzyme's production. Using aliquots of labeled, conditioned media from the same cells as shown in Figs. 3 and 4 , where only 10 U/ml of IFN-y virtually abolished the synthesis of interstitial collagenase and stromelysin, we found that both the basal (Fig. 5 C) and LPS-induced (Fig. 5 A) production of 92-kD type IV collagenase were completely unaffected. However, in other experiments using macrophages obtained from different individuals (Fig. 5 B) , some diminution in the synthesis of this enzyme was observed, but only with very high concentrations of the cytokine.
Effect ofIFN-,y on TIMP production. Fig. 1 shows macrophage production of TIMP as well as collagenase in response to various signals. IFN-y caused a dose-related suppression of LPS-stimulated TIMP secretion. However, concentrations of the cytokine required to decrease TIMP production were very different from those suppressing interstitial collagenase release. Inhibition of TIMP production required 50-fold higher concentrations of IFN-,y (625 U/ml to achieve a 50% reduction in synthesis) than those producing equivalent inhibition of collagenase biosynthesis (10 U/ml). Fig. 3) were immunoprecipitated with antiserum specific for stromelysin. Note the absence of detectable stromelysin production without LPS treatment (control) and the augmented enzyme biosynthesis in response to LPS. This response is ablated by 1O U/ml of IFN-y.
The time course of immunoreactive TIMP secretion into conditioned media in the presence of IFN-'y is shown in Fig. 6 . Similar to the results obtained for collagenase (Fig. 2) , LPS stimulation of TIMP synthesis was blunted from its inception in cells pretreated with the cytokine.
Effect of IFN-,y on total protein synthesis. To assess the specificity of IFN-,y's capacity to block metalloproteinase production, the synthesis of total intracellular and secreted proteins was examined by trichloroacetic acid precipitation after metabolic labeling of the cells. As shown in Fig. 7 , LPS treatment caused a small decrease in intracellular protein synthesis Time (h) Figure 6 . Time course of IFN-y suppression of LPS-induced TIMP production. Macrophages were exposed to LPS (2.5 ,g/ml), IFN A tent inhibition of LPS-induced collagenase biosynthesis when preincubated with alveolar macrophages for 24 h before the addition of endotoxin. A typical result, shown in Fig. 8 , illustrates that such preincubation with 25 U/ml of IFN-'y completely ablated responsiveness of cells subsequently exposed to LPS, whereas co-incubation of the cytokine and endotoxin produced only a 70% diminution of response.
To study reversibility of the IFN-'y effect, cells were first exposed to cytokine (25 and 100 U/ml) for 24 h, then the cultures were washed and incubated with media for an additional 24 h, after which the macrophages were washed again and media replaced containing LPS alone for the final 48 h of incubation. As shown in Fig. 9 , > 80% of IFN-,y's inhibitory effect was observed despite the 24-h washout period and without reintroducing the cytokine for the 48-h culture period in the presence of LPS. These results suggest that changes in cellular expression induced by IFN-y are long-lasting and not readily reversible.
Steady-state levels of collagenase mRNA were compared between control and cytokine-treated macrophages that were subsequently subjected to stimulation with LPS. Total cellular RNA was harvested, equal amounts for each condition were applied to slot blots, followed by hybridization with a cDNA specific for collagenase (33) . As shown in Fig. 10 , IFN-,y markedly reduced steady-state collagenase mRNA levels as compared to LPS-treated cells alone. The reduction in collagenase mRNA paralleled the inhibition of secreted collagenase protein. These data indicate that the cytokine exerts its effect at a pretranslational level. Collagenase (gg/10 cells) Figure 9 . Reversibility of IFN-y inhibition of interstitial collagenase production. Cells were exposed to either IFN-y (25 and 100 U/ml) or media alone (-) for 24 h. The cells were then washed, maintained in culture media for hours 24-48, and then washed again. From 48 to 96 h, the cells were exposed to LPS or media alone as indicated in the figure. At 96 h, the conditioned media were collected and the interstitial collagenase secretion was quantified by ELISA. Note that 25 U/ml of IFN--y inhibited LPS-induced collagenase secretion by 85%, whereas 100 U/ml of IFN-'y totally ablated the response. Thus, the effect of IFN--y on macrophages is quite persistent. These experiments were performed on cells from the same subject as in Fig. 8 (error bars represent standard deviation).
this effect upon both interstitial collagenase and stromelysin. While synthesis of 92-kD type IV collagenase and the counterregulatory inhibitor, TIMP, are also suppressed by IFN--y, logarithmically higher doses are required to achieve comparably reduced levels of expression. These data strongly suggest that IFN-'y, a cytokine responsible for activating numerous other (Fig. 9) . Thirdly, IFN-'y's action occurs at a pretranslational level. This can be concluded since the diminution in LPS-induced collagenase secretion is paralleled by concomitant decreases in enzyme biosynthesis (Fig. 3) and steady-state levels of collagenase mRNA (Fig. 10) (38) .
IFN-'y is the principal macrophage-activating factor, and LPS is a prominent second messenger that "fully activates" the cytokine-primed cell (11, 39) . The inhibition of metalloproteinase production by IFN-,y suggests that during the process of becoming an activated macrophage, the cell decreases its ability to degrade, remodel, and traverse the extracellular matrix. Interestingly, both IFN--y and LPS independently increase the expression of tumor necrosis factor. TNF has been shown to have a prolonged stimulatory effect on fibroblast collagenase secretion (40) . However, we have been unable to discern any effect of TNF on macrophage secretion of collagenase (Shapiro, S. D., E. J. Campbell, and H. G. Welgus, unpublished observations). The biological significance of the IFN-y inhibition of metalloproteinase secretion is unknown; however, our working hypothesis is that the "activated" macrophage loses some of its capacities, including ability to degrade extracellular matrix, in becoming a specialized tumoricidal and microbicidal cell.
